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Abstract: In this paper, for the first time to our knowledge, we report a novel FBG-type two-dimensional sensor that is
able to simultaneously measure two-dimension (2-D) force and temperature, and the 2-D force sensing process can be
tuned by applying rectangular cantilever beam (RCB). In the vertical directions of the RCB axis, the wavelengths shifts of
two FBGs bonded to the surface of the RCB are quasi-linear with respect to the 2-D force and temperature, respectively.
Two FBGs are experimentally demonstrated to have the 2-D force sensitivities of ～5.32 nm/N and 3.21 nm/N, a
temperature sensitivity of ～0.095nm/℃ between 0℃ and 70℃, respectively.
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1. Introduction
With the continuous advancement of Fiber Bragg gratings (FBGs) fabricating technology, FBG-type sensors have
got rapidly development in recent years[1-2]. Because the physical parameters are encoded as wavelength shifts in
FBG sensor, it is possible for measuring multi-parameters. Now, many FBG sensors, which are based on one
dimensional (1-D) axial strain sensing mechanism, such as temperature, displacement, strain, stress, pressure,
acceleration, torsion angle, electric and magnetic field, etc, have realized in civil structure monitoring
applications[3-7]. However, in strain, stress, displacement measurements of engineering structures, it is highly
desirable to measure two or more axes of strain at a single point or a small area for building health evaluation[8-12].
Thus, it has great value to design two-dimensional (2-D) or multi-dimensional (M-D) FBG sensors in structure and
security monitoring.
In this paper, for the first time to our knowledge, we report an improved 2-D FBG sensor that is able to
simultaneously measure force and temperature, and the force sensing process can be tuned by applying rectangular
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cantilever beam (RCB). Unlike other previous investigations of 2-D sensing using single fiber grating[13-16], two
sensing FBGs have been selected in our 2-D force sensor, which are bonded to the two neighboring side surfaces,
crossing the joint between fixed part and the beam but along the neutral axis direction of the RCB. This 2-D force
sensor is based on the 1-D sensing mechanism[5] but is developed to 2-D sensing, it has advantages of simple
structure, smart design, planar sensing, simultaneous measurement of force and temperature and etc.

2. Device and principle
Fig.1 shows the schematic diagram of our proposed FBG-type 2-D sensing device. The sensing device consists of
two FBGs (FGB1 and FBG2) and a rectangular cantilever beam (RCB) with length L , thickness h , width b and
Young’s modulous E , respectively. Two gratings, which are bonded to the two neighboring side surfaces of the
RCB crossing the joint between fixed part and beam but along the neutral axis direction of the RCB, and their
lengths and the center wavelengths are l1 , λ1 and l2 , λ2 , respectively.
Fiber

FBG1

O

Fiber

Y

Fx

FBG2
Fixed part

X

-Fy

b

Z

h

L

Fy
-Fx

Fig.1 Schematic diagram of the two-dimensions BFG sensing device based on RCB

When 2-D force F in the XOY plane is applied to the free end of RCB, the F can be decomposed to two
components: Fx (or − Fx ) along X coordinate direcion and Fy (or − F y ) along Y coordinate direcion in a XOY
plane. Clearly, the grating pitch of FBG1 is stretched (or compressed) by the force Fx (or − Fx ), the grating pitch of
FBG2 is stretched (or compressed) by the force Fy (or − F y ) , respectively. Assuming that ∆λ1xT and ∆λ2 xT are
the wavelength shifts of the part of FBG1 in the attached surface of the RCB and the fixed part, respectively; ∆λ1 yT
and ∆λ2 yT are the wavelength shifts of the part of FBG2 in the attached surface of the RCB and the fixed part,
respectively. When F is applied to the free end of RCB and its magnitude is samll, there are three cases as follows:
Firstly, if the direction of the force F is along X (or -X) coordinate direcion, λ1xT has shift ( ∆λ1xT ≠ 0 ) but λ1 yT
has not shift ( ∆λ1yT = 0 ).
Secondly, if the direction of the force F is along Y (or -Y) coordinate direcion, λ1 yT has shift ( ∆λ1 yT ≠ 0 ) but

λ1xT has not shift ( ∆λ1xT = 0 ).
Finally, if the direction of the force F in XOY plane is not both along X (or -X) coordinate direcion and Y (or -Y)
coordinate direcion, both λ1xT and λ1 yT have shifts ( ∆λ1xT ≠ 0 and ∆λ1 yT ≠ 0 ).
Table I shows relation between wavelength change ∆λ1xT , ∆λ2 xT , ∆λ1 yT , ∆λ2 yT and azimuthal angle θ about F
when the temperature T is stable.

538

Proc. of SPIE Vol. 5649

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/04/2013 Terms of Use: http://spiedl.org/terms

TABLE I Relation between wavelength change and azimuthal angle
The range of reflection wavelength change
∆λ1xT > 0 , ∆λ1 yT > 0 , ∆λ 2 xT = ∆λ 2 yT = 0

The azimuthal angles
θ about F
First quadrant

∆λ1xT < 0 , ∆λ1 yT > 0 , ∆λ 2 xT = ∆λ 2 yT = 0

Second quadrant

∆λ1xT < 0 , ∆λ1 yT < 0 , ∆λ 2 xT = ∆λ 2 yT = 0

Third quadrant

∆λ1xT > 0 , ∆λ1 yT < 0 , ∆λ 2 xT = ∆λ 2 yT = 0

Fourth quadrant

Assuming that the weight of the beam can be neglected and the lateral displacement of free end of the RCB is very
small, the wavelength shifts ∆λ1xT , ∆λ2 xT , ∆λ1 yT , ∆λ2 yT of FBG1 and FBG2 arising from the 2-D force F and
temperature change ∆T can be given by

∆λ1xT   K1x K1xT   Fx 
∆λ  = 0
⋅ 
K 2 xT  ∆T 
 2 xT  

(1)

∆λ1 yT   K1 y K1 yT  Fy 

=
⋅ 
K 2 yT  ∆T 
∆λ2 yT  0

(2)

where K1x and K1y are the sensing sensitivities of the force. K1xT , K 2 xT and K1 yT , K 2 yT are sensing sensitivities
of the temperature. The parameters of the coefficient matrices are given by
K1x = [ 6 λ1 (1 − pe )( L − δ 1 )] ( Ebh 2 )
K1 y = [6 λ2 (1 − pe )(L − δ 2 )] ( Ehb2 ) ,

K 1xT = [α + ξ + (1 − pe )(α beam − α )]λ1
K 2 xT = [α + ξ + (1 − pe )(α fixed − α )]λ1
K1 yT = [α + ξ + (1 − pe )(α beam − α )]λ2
K 2 yT = [α + ξ + (1 − pe )(α fixed − α )]λ2

where δ 1 ≈ l1 4 and δ 2 ≈ l2 4 are the distances between the center of the parts of both FBG1and FBG2 bonded to
the beam and the section of the fixed part, respectively. pe is effective photoelastic constant, ξ is thermo-optic
coefficient, α , α beam and α fixed are linear expansion coefficents of fiber, beam and fixed part, respectively. The
magnitudes F and azimuthal angle θ of F are

Fx2 + Fy2 and arctan (Fy Fx ) , respectively.

If h = b , the section of the beam is square, that means K1x is equal to K1y . From equations (1) and (2) , we can
know that the wavelength shifts ∆λ1ω T and ∆λ 2ωT of FBG1 and FBG2 are quasi-linear to the magnitude of the
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force F while the deflection of RCB’ free end is very small, therefore this sensor can measure both magnitude and
direction of the 2-D force.

3. Experiment and discussion
The sensing device consists of an RCB made from a special organic material and a fixed part made from
aluminum, FBG1 with reflection 13dB and broadwidth 0.27nm, FBG2 with reflection 12.6dB and broadwidth
0.23nm. The relative parameters of the sensing device are as follows: pe = 0.22 , L = 120.0mm , b = 5.0 mm ,
3
2
h = 3.0 mm , δ1 ≈ 2.5mm , δ 2 ≈ 3.0mm , E = 2.744× 10 N / mm , λ1 = 1547.20nm and λ2 = 1555.40nm at T0 =20℃,

α =6.8 × 10 −6 /℃ and ξ = 0.5 × 10 −6 /℃ for SiO2, α beam =7.1 × 10 −5 /℃, α fixed =2.3 × 10 −5 /℃. The light from the
broadband source (BBS) is coupled via a 50:50 directional coupler into the sensor; the resolution of the commercial
optical spectrum analyzer (OSA) is 0.07nm, and any unwanted reflection is suppressed by the index matching oil
(IMG).
When 2-D force of free end of the RCB or temperature changed, two high peaks separated from the original FBG1

or FBG2 were observed in the reflection spectra. For the parts of both FBG1 and FBG2 in the fixed part, the strains
are theoretically zero. However, owing to some factors such as the fixed part elasticity and adhering between the
fixed part and beam are not rigid ideally, the strain distributions of both FBG1 and FBG2 do not step change on the
boundary between beam and fixed part, but should be gradual change from the minimum (when − l1 2 < z < 0 for
FBG1 and − l2 2 < z < 0 for FBG2) to the maximum (when z = 0 for two FBGs)[17]. Thus, there are some reflection
spectra between two peaks, but they does not affect the two reflection peaks, namely they does not affect to measure
the distance between two peaks.
In the experiment, for the case that the direction of the force is along X (or -X) direction or along Y (or -Y)
direction, we find that the shift direction of the FBG1 center wavelength is along long or short wavelength direction.
For FBG1, ∆λ1xT ≈ 3.21nm and ∆λ1xT ≈ −3.49nm when Fy = 0 , Fx = 0.55N and Fx = −0.60N , respectively. But
the center wavelength of the fixed part of FBG1 has almost not shift, which means ∆λ2 xT ≈ 0 nm. For FBG2,
∆λ1 yT ≈ 2.11nm and ∆λ1 yT ≈ −2.46nm when Fx = 0 , Fy = 0.60 N , F y = −0.70 N , respectively. Moreover, the
center wavelength of the fixed part of FBG2 has almost not shift, which means ∆λ 2 yT ≈ 0 nm.
For the case that the direction of the force is along X direction with a determinate angle, we find that

∆λ1xT ≈ −3.39nm and ∆λ1yT ≈ −2.86nm when F = 1.00 N and θ ≈ 234.5 o . ∆λ1xT ≈ 3.01nm and ∆λ1 yT ≈ −2.58nm
when F = 1 .00 N and θ ≈ 305.5 o . These experimental results proved the theoretical analysis mentioned on 2-D
sensing structure.
Fig.2 shows that the experimental plots between ∆λ1xT , ∆λ2 xT and F at θ ≈ 45o respectively when T =20℃.
The Relationship of the Wavelength shift of FBG1 are ∆λ 1 xT = 4.12 F + 0.093 ∆T and ∆λ 2 xT = 0.031∆T . Fig.3
shows that the experimental plots between ∆λ1yT , ∆λ2 yT and F at θ ≈ 45o respectively when T =20℃. The
Relationship of The Wavelength shift of FBG1 are ∆λ1 yT = 2.48F + 0.095∆T and ∆λ2 yT = 0.031∆T .
The correlation coefficients of these data in Fig.2 and Fig.3 are all up to 0.996; these results indicate that the
linearity is very good. Moreover, the experimental results agreed with the theoretical calculations. Clearly, this kind
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of the sensing structure can be applied in temperature compensation, and the measurement of the surface distortion
and strain distribution.
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Fig. 2. Wavelength shift of FBG1 of 2-D sensor based on RCB when T =20℃ and 30℃ at θ ≈ 45o .
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Fig. 3. Wavelength shift of FBG2 of 2-D sensor based on RCB when T =20℃ and 30℃ at θ ≈ 45o .

These experiments have been done for many times. The coefficient matrices (1) and (2) can be estimated
experimentally as follows, using linear regression method to fit the experimental data in Fig.2 and Fig.3:

 K1x K1xT  5.32nm / N 0.094nm/ oC 

=
0
K 2 xT  0
o 

0.030nm/ C 

(3)

 K1 y K1 yT  3.21nm / N 0.095nm / oC 

=

K 2 yT  0
o 
0
0.031nm / C 

(4)

Comparing with the theoretical values of the coefficient matrices (1) and (2), these experimental results have
some difference. The main reasons of the measurement errors may be creeping between the FBGs and the beam, the
beam not perfectly rigid, FBG aggloment and so on. Moreover, the large error between experiment and theory will
be caused when F is larger and T is higher, and the FBG will be susceptible to leading large chirp.
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4. Conclusion
We proposed a novel FBG-type two-dimensional sensor based on a rectangular cantilever beam (RCB), which is
able to simultaneously measure force and temperature in this paper. A fiber-grating cluster consisting of two FBGs
with different center wavelengths is bonded to the two neighboring side surfaces of the RCB, crossing the joint
between fixed part and beam but along the neutral axis direction of the RCB. In the vertical directions of the RCB
axis, the wavelengths shifts of two FBGs are quasi-linear with respect to the force, respectively. Moreover, the force
sensitivities of ～5.32 nm/N and 3.21 nm/N, a temperature sensitivity of ～0.095nm/℃ between 0℃ and 70℃ were
obtained experimentally, respectively.
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